Abstract Thorium reclamation was studied using nanoiron oxide-impregnated cellulose acetate beads to gain insights into the adsorption mechanism, kinetics and thermodynamics. The designed experiments were thoroughly investigated as a function of solution pH, initial thorium(IV) ion concentration, adsorbent dose and nano-iron oxide loading in the cellulose acetate matrix. The batch adsorption of Th(IV) ions revealed the highly pH dependent (pH range 3.0-9.0) behaviour with maximum sorption at pH 6.0 and equilibrium being achieved within 2 h for maximum concentration of 100 mg/L at 298 K. Rapid adsorption of 50 ± 0.2 % was observed within first 10 min. The kinetics data are best described by the pseudofirst-order kinetic model (R 2 = 0.9996) and intraparticle diffusion model. The equilibrium adsorption process was fitted with the Langmuir, Freundlich, Dubinin-Radushkevich and Temkin models which yield good fit with Langmuir isotherm equation indicating monolayer adsorption process. The calculated thermodynamics parameter reveals spontaneous and exothermic adsorption process. Further, the desorption was Th(IV) ions that was easily achieved using 0.05 N HNO 3 which suggests the reusability of the adsorbent for multiple use.
Introduction
Environmental disquiets associated with the disposal of radioactive toxic metal ions such as thorium(IV) in water bodies and effluents have stimulated the development of enhanced materials proficient in eliminating the contaminants from direct surroundings (Anirudhan et al. 2010; Kütahyalı and Eral 2010; Shtangeeva et al. 2005; Kaygun and Akyil 2007; Anirudhan and Jalajamony 2013; Nilchi et al. 2013; Akkaya and Akkaya 2013; Baybaş and Ulusoy 2012; Seyhan et al. 2008; Anirudhan et al. 2013b) . Severe environmental concerns force the establishment for progressively more stringent governmental norms, demanding lower levels of contaminant (Marmolejo-Rodríguez et al. 2008; Sunta et al. 1987) . Thorium(IV) is extensively used for various applications in optics, radio, aeronautics and aerospace, metallurgy and chemical industry, nuclear industry and material field (Zhang et al. 2005) . It forms an important constituent of the fuel in nuclear breeder reactors, and thorium fuel cycle can be used in most of the reactors already operated (Raje and Reddy 2010; Ü nak 2000) . The health hazards associated with this radionuclide arise from its ability to accumulate in human tissues. Thorium nitrate after entering into living organisms localizes mainly in the liver, spleen and marrow and precipitates in the form of hydroxide causing harmful diseases in human beings, such as lung, pancreatic and liver cancer (Valković 2000) . The maximum permissible limit for thorium in drinking water is 150 lg/L (DeZuane 1997).
Solvent extraction (Borowiak-Resterna et al. 2010 ), chemical precipitation (Soylak and Erdogan 2006; Uluozlu et al. 2010) , reverse osmosis and membrane separation (Kosarek 1979; Prabhakar et al. 1994) , ion exchange (Shoushtari et al. 2006) , electro-floatation (Aydin and Soylak 2010) , coagulation (El Samrani et al. 2008 ) and sorption processes (Rule et al. 2014 ) are some of the indigenous techniques for removing heavy metal ions from aqueous solution. The separation of small amounts of substances from large volume of solution can be efficiently and conveniently carried out using adsorption. Adsorption is the technique preferably used due to its ease of operation, flexibility and simplicity of design, and the separation of small amounts of substances from large volume of solution can be efficiently and conveniently carried out. The challenges associated with adsorption include increase in sorption capacity, separability and cost-effectiveness (Babel and Kurniawan 2003) . Various materials have been investigated as adsorbents for thorium adsorption (Table  1) , such as activated carbons (Metaxas et al. 2003) , gibbsite (Hongxia et al. 2006) , silica (Chen and Wang 2007) , bentonite (Zhao et al. 2008) , Pseudomonas sp. (Kazy et al. 2009 ), Aspergillus fumigatus (Bhainsa and D'Souza 2009) and perlite (Talip et al. 2009 ).
Also, some nanomaterials have been focused on as adsorbents for heavy metal ions in water and proven to be promising for environmental remediation (Zhao et al. 2013 ). Owing to the unique physical and chemical properties such as large specific surface areas, high adsorption capacity and fast adsorption rate, nanomaterials have shown remarkable potential to capture toxic pollutants from water. On the other hand, due to their easy suspension in water, it is quite difficult to remove these nanomaterials from large volumes of water, which limits their practical application (Pereira et al. 2013; Klaine et al. 2008; Cao et al. 2010; Yuan 2004; Zhang and Fang 2010 ). An effective strategy to solve this problem is to embed these nanomaterials in insoluble cellulose composite to synthesis an efficient adsorbent.
In the present work, nano-iron oxide (Fe 2 O 3 )-impregnated cellulose acetate composites beads with varying nano-iron oxide (Fe 2 O 3 ) content were synthesized by precipitation polymerization technique for the removal and recovery of Th(IV) ions from mimicked contaminated water. Surface morphology of the adsorbent was studied using scanning electron microscopy (JOEL ASM 6360A). Adsorption of Th(IV) was studied as a function of solution pH, initial Th(IV) ion concentration, adsorbent dose, additive (nano-iron oxide) concentration and contact time at ambient temperature. Adsorption was spectrophotometerically monitored periodically to study the equilibrium isotherms and kinetic mechanism using various mathematical models. Desorption of Th(IV) was also experimented to determine the reusability of the present adsorbent system. Thus, the main aim of this study was to synthesis a highly effective eco-friendly adsorbent which is economical that helps us to combat the contamination generated by hazardous Th(IV) ions.
Materials and methods

Materials
Thorium nitrate, cellulose acetate, nano-iron oxide (Fe 2 O 3 ), arsenazo(III), dimethyl acetamide and acetone (99.8 %) were obtained from Sigma-Aldrich, India, and were used as received. Deionized water was used in the present study. Stock solution of 100 mg/L of thorium(IV) ions was prepared, and the desired concentrations were obtained by diluting this stock solution.
Synthesis of iron oxide-impregnated cellulose acetate beads
The nano-iron oxide (Fe 2 O 3 )-impregnated cellulose acetate beads used for the adsorption process were synthesized (Ayalew et al. 2012; Gonte et al. 2013a ) by dissolving the requisite amount of cellulose acetate, NaCl and NaOH in 1:2 ratio of DMA/acetone solution to obtain a homogenous mixture. Five different compositions were prepared by varying the nano-iron oxide (Fe 2 O 3 ) content from 2 to 8 wt%. This mixture was precipitated in dilute HCl bath (coagulation) to obtain the uniform-sized spherical polymer beads. These beads were purified by continuous water washing for 2-3 times and finally air-dried to constant weight.
Characterization
The surface morphology of the adsorbent was observed using scanning electron microscope (JOEL ASM 6360A). The concentration of the residual Th(IV) ions was spectrophotometerically evaluated at 665 nm using Systronics 166 UVVisible Spectrophotometer by complexing with arsenazo(III). 
Batch adsorption experiments
Adsorption of Th(IV) was analysed by agitating 50 mL solution containing 25, 50, 75 and 100 mg/L of Th(IV) ion concentration with 0.2 g beads for 120 min. The solution was periodically monitored to detect the concentration of the metal ions remaining in the solution. The effect of solution pH on adsorption was observed by changing the solution pH from pH 3 to pH 9 for a fixed concentration and volume. The pH of the solution was adjusted using dilute acetic acid and dilute ammonium hydroxide. The amount of beads was also varied from 0.05 to 0.4 g to obtain another set of data.
Equilibrium isotherms
Adsorption isotherms are plots of equilibrium adsorption capacity (q e ) versus equilibrium concentration of the residual metal ions in the solution (C e ). Adsorption isotherm studies were conducted at constant temperature 298 K and under optimized conditions. Absorbance was regularly noted after fixed time interval of 15 min. The equilibrium adsorption capacity was calculated using
where q e (mg/g) is the equilibrium adsorption capacity, C 0 and C e are initial and equilibrium concentration (mg/L) of metal ions in solution, V (L) is volume of solution and M (g) is the weight of the adsorbent.
Kinetic studies
Kinetic experiments were conducted using known weight of cellulose acetate beads and varying initial metal ion concentration. The samples were tested at regular time intervals (0-120 min) for concentration of metal ions. The rate constants were calculated using the conventional rate expression. The amount of metal ion sorbed, q t , was calculated as follows:
where q t (mg/g) is the adsorption capacity at time t.
Results and discussion
Synthesis and characterization of nano-iron oxide ( The nozzle diameter and the height between the dilute HCl bath (coagulation) and the nozzle were found to play a key role in controlling the bead diameter and tailing effect which were optimized to 0.1 mm and 5 cm, respectively.
Optical images of the beads demonstrated hexagonal-shaped beehive-like pores present on the surface (Fig. 1b) . The SEM micrographs (Fig. 1c, d ) further revealed the presence of well-defined flow lines indicating capillary action introduced in the polymer matrix. The presence of OH -ions tends to replace the acetate ions from cellulose acetate and increase its activity (Hornback 2005) . Oozing of NaCl and NaOH from the polymer mixture which ex-filtrates out from the beads is found to be responsible for the introduction of capillary action which enhances the adsorption capacity.
Effect of various experimental parameters
Solution pH
The pH of the aqueous solution plays an important role and influences the metal speciation and surface metal-binding sites (Clark et al. 2011) . Adsorption was studied by varying the pH from 3 to 9 for fixed Th(IV) conc. Adsorption of Th(IV) increased with an increase in pH from pH 3 to 6 (Fig. 2a) .
Th(IV) ions tend to precipitate in form of hydroxide with further increase in pH. Decrease in adsorption at lower pH can be explained by the protonation of the adsorbent molecules, which causes repulsion of the positively charged thorium ions and steric hindrance by the protonated ions. Figure 3 shows the distribution of thorium species versus pH at 298 K in aqueous solution (Langmuir and Herman 1980) . Free Th(IV) ion dominates at pH's below 3.
At pH value 6, Th(OH) 3? , Th(OH) 2 2? , Th 2 (OH) 2 6? and Th 6 (OH) 15 9? appear as the predominant ionic species (Langmuir and Herman 1980) and the solubility of thorium decreases significantly. Hence, all the adsorption experiments were carried out at pH 6. The following mechanism for metal ions removal was expected: Baes et al. (1965) suggest the corner-sharing bidentatemononuclear surface complex, ([FeO) 2 Th 2? , being responsible for Th(IV) binding on the iron oxide surface.
Nano-iron oxide (Fe 2 O 3 ) content in the beads
Beads with varying amount of nano-iron oxide (Fe 2 O 3 ) were synthesized, and their adsorption capacity was evaluated. Adsorption was found to increase with increase in nano-iron oxide (Fe 2 O 3 ) content from 2 to 4 wt% (Fig. 2b) . Further increase in the iron oxide content resulted in decrease in adsorption. The initial increase is attributed to increase in adsorption sites due to increased surface area with the addition of sorbent particles. The decrease in adsorption beyond 4 wt% is attributed to decreased porosity of the beads due to the excess amount of additive. Steric affect also plays a role in lowering of adsorption.
Effect of sorbent dose on thorium adsorption
It was observed that adsorption increases with increase in adsorbate dose from 0.05 to 0.3 g (Fig. 2c) . Removal of metal ions increases with increased adsorbent dosage due to increase in active sites. As the Th(IV) ions are distributed throughout the liquid medium, which makes it difficult to trap, relatively more amount of adsorbent quantity is consumed. The equilibrium attained in the later stages may be due to a larger number of active sites as compared to the number of thorium ions. Hence, for a greater amount of adsorbent, adsorption remains unaffected with increase in the adsorbent dose.
Effect of initial metal concentration
The adsorption efficiency was found to decreases with increase in the initial metal ion concentration, whereas increase in the initial metal ion concentration results in increased adsorption capacity (Fig. 2d) since the highconcentration gradient provides a driving force to overcome all mass transfer resistances of metal ions between the aqueous and solid phase. The sorption efficiency decreases due to the limited number of active sites of the adsorbent, which saturates at a certain concentration. This indicates that though the adsorption capacity will increase with the increase in initial concentration, the concentration will inversely impact the adsorption efficiency because of the limited adsorption sites available for the uptake of metal ions.
Isotherm studies
Adsorption isotherm studies are important to determine the efficiency of adsorption. The adsorption isotherm indicates how the adsorption molecules distribute between the liquid phase and the solid phase when the adsorption process reaches an equilibrium state. The adsorption mechanism and adsorbent's affinity for the metal ion can be determined by analysing the physicochemical parameters (Bulut et al. 2008; Febrianto et al. 2009; Gonte et al. 2013b; Gonte and Balasubramanian 2013) . There are several isotherm equations available for analysing experimental adsorption equilibrium data. Several adsorption isotherms originally used for gasphase adsorption are available and readily adopted to correlate adsorption equilibria in heavy metals adsorption. Some well-known ones are Freundlich, Langmuir, Temkin, Redlich-Paterson and Sips equations (Febrianto et al. 2009; Gonte et al. 2013b; Gonte and Balasubramanian 2013) . In this study, the experimental equilibrium data for adsorbed metal ions onto nano-iron oxide (Fe 2 O 3 )-impregnated cellulose acetate beads were analysed using the Langmuir, Freundlich, Temkin and D-R models. The isotherm constants for the four models were obtained by linear regression methods. These isotherms are as follows: 
Langmuir isotherm model
The Langmuir model assumes that a monomolecular layer is formed when adsorption takes place without any interaction between the adsorbed molecules (Aksu 2002 ). The Langmuir model can be represented as follows:
where q max is q e for a complete monolayer (mg/g) and K L is a constant related to the affinity of the binding sites (L/ mg). The linearized form of the Langmuir equation is as follows:
The experimental data were plotted as C e /q e versus C e (Fig. 4a) , and the values of Langmuir constants q max and b were obtained by linear regression method which exhibited high correlation with Langmuir model within the studied temperature range. The essential features of a Langmuir isotherm can be expressed in terms of a dimensionless constant separation factor or equilibrium parameter, R L which is defined (Hall et al. 1966 ) as follows:
where K L (L/mg) is the Langmuir constant and C 0 (mg/L) is the initial concentration. The value of R L provides information as to whether the adsorption is irreversible
. The value of R 2 calculated from Langmuir model was 0.9996 suggesting this to be the appropriate isotherm for the adsorption. The value of q max using this model was found to be 24.43 mg/g. R L value of 0.15 indicates that the reaction is favourable.
Freundlich isotherm model
The Freundlich isotherm model gives an empirical expression expressing the isothermal variation of the adsorbed quantity of metal ion by unit mass of solid adsorbent with concentration, taking into account heterogeneous adsorption surfaces. The adsorption capacity is correlated with the concentration of metal ions at equilibrium. The Freundlich adsorption isotherm is mathematically expressed as follows:
where K F and n are Freundlich constants for a given adsorbate and adsorbent pair. The linearized form of Freundlich equation is given as follows:
The maximum sorption capacity can be determined by varying the sorbent dose while keeping the initial concentration constant. The extrapolated value of log x/ m for C e = C 0 gives the maximum adsorption capacity (Gonte and Balasubramanian 2013; Aksu 2002; Hall et al. 1966) . The value of n and K F can be determined by plotting a graph between log q e and log C e and analysing the slope and intercept of the curve (Fig. 4b) . Freundlich constant n value between one and ten indicates favourable adsorption. The value of n and K L from the curve was calculated to be 2.30 g/L and 3.87 mg/g. R 2 value was found to be 0.9887 for Freundlich isotherm model.
Temkin isotherm model
Temkin isotherm considers the effects of the heat of adsorption that decreases linearly with coverage of the adsorbate and adsorbent interactions (Choy et al. 1999) . The Temkin isotherm has been used in the form as follows:
where R is gas constant 8.314 9 10 -3 kJ/mol/K; T is absolute temperature (Kelvin); b T is the Temkin constant related to the heat of adsorption (kJ/mol) and a T is the equilibrium binding constant corresponding to the maximum binding energy (L/g). The liner plots of q e versus log C e (Fig. 4c) enable to determine the constants a T and b T which were calculated to be 0.89 and 0.522, respectively. R 2 value of 0.9462 makes this model unfavourable for this adsorption process.
Dubinin-Radushkevich isotherm model
Dubinin (Rengaraj et al. 2004) proposed the isotherm to estimate the mean free energy of adsorption. The DubininRadushkevitch (D-R) isotherm describes the adsorption on a single type of uniform pores and is applied to distinguish between physical and chemical adsorption. This isotherm does not assume a homogeneous surface or a constant adsorption potential. The nonlinear D-R isotherm is expressed as follows:
where K (mol 2 k/J 2 ) is a constant related to the mean adsorption energy and e is the Polanyi potential, which can be calculated from equation
The linear form of the equation is as follows:
The plot between ln q e and e 2 at fixed temperature yields the constant K and q max (Fig. 4d) . The value of K was calculated to be 5.2 9 10 -7 , and q max was found to be 14.93. The constant K provides the mean free energy sorption per molecule of the sorbate when it is transferred to the surface of the solid from infinity in the solution, represented as E, and can be computed using (Rengaraj et al. 2004 )
As per the D-R model, this value was 13.6 9 10 5 kJ. The equilibrium isotherm curves and parameters for the various models are summarized in Fig. 4 and Table 2 , respectively.
Kinetic studies
Kinetic models have been exploited to analyse the experimental data and investigate the mechanism of adsorption and its potential rate-controlling steps that include mass transport and chemical reaction processes. In addition, information on the kinetics of metal uptake is required to select the optimum condition for full-scale batch metal removal processes. The prediction of the rate-limiting step is an important factor to be considered in the adsorption process (Sarkar et al. 2003) .
Pseudo-first-order kinetic model
To avoid complication and cost of a second-order reaction, it is treated as a pseudo-first order, wherein the concentration of one component is taken significantly higher than the other one.
Since the concentration of one of the components, say A, is very high in comparison with that of B, we can assume [A] to be constant. Hence, the equation reduces to
The rate of adsorption of solute on the adsorbent is based on the adsorption capacity and follows pseudo-first-order equation which is often used to estimate the k ad , mass transfer coefficient in the design calculations (Anirudhan et al. 2013a; Frost and Pearson 1961) . The pseudo-first-order rate equation is given as follows:
k 1 is the first-order adsorption rate constant (min -1 ). The plot of log (q e-q t ) versus t yields a straight line with negative slope as shown in Fig. 5a . The intercept yields the value of q e , whereas the pseudo-first-order constant is derived from the slope of the straight line.
Pseudo-second-order kinetic model
The pseudo-second-order reaction is greatly influenced by the amount of metal on the adsorbent's surface and the amount of metal adsorbed at equilibrium. The rate is directly proportional to the number of active surface sites (Gonte et al. 2013b) . The pseudo-second-order equation is given as follows: Fig. 5 Adsorption kinetic models. a Pseudo-first order, b pseudo-second order, c Elovich, d intra-particle diffusion
where k 2 is the second-order adsorption rate constant (g/ mg/min). The constant k 2 is used to calculate the initial sorption rate 'h' (mg/(g min)), at t ? 0 by using
The straight line plots of t/q t versus time (Fig. 5b ) indicates that the adsorption data of Th(IV) ions fit well with pseudo-second-order kinetic model.
Elovich model
In reactions involving chemisorption of adsorbate on a solid surface without desorption of products, adsorption rate decreases with time due to an increased surface coverage. One of the most useful models for describing such 'activated' chemisorption is the Elovich equation (Rengaraj et al. 2007 ). Elovich equation is a rate equation based on the adsorption capacity describing the adsorption on highly heterogeneous adsorbent which is expressed as (Günay et al. 2007 ) dq t dt ¼ ae
where a (mg/g/min) is the initial adsorption rate and b (g/ mg) is the desorption constant related to the extent of surface coverage and activation energy for chemisorption (Fig. 5c ). The simplified equation is given as
assuming ab ) t and q t = 0 at t = 0 (Demirbaş and Alkan 2014).
Intra-particle diffusion
The solute transfer for a solid-liquid sorption process is usually characterized by external mass transfer (boundary layer diffusion) or intra-particle diffusion, or both. According to Kannan and Sundaram (Kannan and Sundaram 2001) , an intra-particle diffusion coefficient K int is given by the equation:
where K int is the intra-particle diffusion rate constant (mg/g/min 0.5 ). The plot of q t versus t 0.5 ( Fig. 5d ) at different initial solution concentrations gives the value of K int , and multilinearity indicates two or more steps occurring in the adsorption process which can be explained using the intra-particle diffusion model. The first sharper portion is the external surface adsorption or instantaneous adsorption stage which is relatively slow due to monolayer adsorption. The second portion is the gradual adsorption stage where the intra-particle diffusion rate is controlled. This involves capillary action where the metal ions adsorbed on the surface diffuse into the pores of the cellulose acetate beads and interact with the nano-Fe2O3 molecules, showing a rapid rate of adsorption. The third is the final equilibrium stage where intra-particle diffusion starts to slow down due to extremely low solute concentration in the solution and possible saturation of the adsorption sites.
The nonlinearized plots for the various models are presented in Fig. 5 , and the various kinetic parameters are summarized in Table 3 .
Thermodynamic studies
Thermodynamic parameters such as free energy change, enthalpy and entropy of the adsorption were determined based on Van't Hoff plot. The data were obtained under optimized conditions as mentioned earlier. The q e value was observed to be in the range 21.3-18 mg/g for the temperature range 20-35°C which decreases with increase in temperature (*11 mg/g at 50°C), suggesting that the adsorption process is energy-dependent mechanism (Fig. 6a) . The steep and sudden decrease in q e at 50°C indicates that the weak van der Waal's interaction, hydrogen bonding between thorium ions and active sites of beads brake at high temperature (Bayramoglu et al. 2006; Bhat et al. 2008) .
The plot of ln K d versus T -1 (Fig. 6b) yielded the thermodynamic parameters, such as enthalpy change (DH, in kJ/mol) and entropy (DS, in J/mol/K).
where K d is the distribution coefficient
The change in Gibbs free energy was calculated from the equation
where R is the universal gas constant = 8.314 J/mol/K and T is the absolute temperature (K).
The obtained values of DH and DS calculated from the plot of ln K d versus 1/T are listed in Table 4 .
The negative DH and DS values suggest exothermic process with high degree of randomness in adsorption of thorium ions, respectively. The positive values of DG indicate non-spontaneous adsorption of Th(IV) ions. Increase in temperature from 298 to 333 K results in increase in the positive DG value further confirming the non-spontaneous adsorption.
Recovery of Th(IV) ions
For economic viability and practical potential, the reusability of the fabricated beads was examined which was a major aim of the study. Instantaneous and effective diffusion of Th(IV) ions was observed from the hybrid cellulose matrix using 0.05N HNO3. The regenerative potential is clear, suggesting the reusability of the beads for industrial applications without any significant loss in the adsorption capacity for the Th(IV) ions which decreases with subsequent use. The recovery of beads can be attributed to the protonation at low pH and removal of the toxic metal ions simultaneously.
Conclusion
Nano-iron oxide (Fe 2 O 3 )-impregnated cellulose acetate composite was successfully synthesized as an effective adsorbent for the removal of Th(IV) ions from aqueous solution. The polymer exhibited distinct honeycomb-like surface morphology with the presence of well-defined flow lines and micropores. These adsorbent exhibited high affinity for the thorium(IV) ion with maximum adsorption capacity of 21.3 mg/g at 298 K. Adsorption was found to be highly pH dependent with maximum adsorption at pH of 6. The equilibrium adsorption correlated well with the Langmuir isotherm model with R 2 value of 0.9996 and followed the pseudo-first-order adsorption kinetics and the intra-particle diffusion model suggesting uniform monolayer formation. The reusability was remarkably noticed using 0.05N HNO 3 suggesting its potential use for industrial application. 
